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ABSTRACT 
Positioning, immobilization, and organ motion are some of the major concerns in all imaging 
modalities. With synchrotron X-ray imaging, alignment of the region of interest to the beam is 
usually done inside the experimental hutch. However, because specimen alignment can be time 
consuming; such a system is wasteful of valuable beam time. 
 
For the purposes of the Biomedical Imaging and Therapy (BMIT) beamlines at the Canadian 
Light Source, we propose an effective and versatile means of positioning a wide range of 
subjects (human and animal) with a wide range of sizes using a laser-based fiducial system to 
define the region of interest (ROI) before imaging; i.e., outside the experimental hutch. This 
system will allow the beam path through a specific region of interest to be modeled outside the 
imaging hutch in a way that it can be reproduced relative to the fixed X-ray beamline inside the 
hutch. The model will include an indication of the center of the beam and a rectangular area 
around the target delineating the limits of the area to be imaged (i.e., encompassing the “region 
of interest”). The rectangular field of view would be projected on the incoming (entrance) side of 
the subject as well as the outgoing (exit) side of the subject, and these projections must be 
coaxial with each other and parallel with the X-ray beam. This method is user friendly, allows 
mistake to be corrected before experiment and most importantly saves time. 
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 1 
1 Introduction 
1.1 Overview 
In medical imaging and therapy, several methods have been used for target alignment to the 
beam or beam alignment to the target using some form of fiducial system, and each of these 
methods depends on the type of imaging modality [1].  
 
A fiducial is defined in medical imaging as an object used to create a reference point or landmark 
on a subject, to provide a 2, or 3-dimensional reference image of the anatomical site they are 
attached to [1, 2]. There are two types of fiducial methods use in medical imaging and therapy; 
these are the invasive and non invasive methods. An invasive method involves the break of the 
internal body cavity beyond the body orifice and inserting the fiducial on the anatomic site, while 
the non-invasive is a movable object placed external to the body and conform to the structure / 
shape of the target. [3]. However, in synchrotron imaging the most common fiducial method is 
based on a set of lasers which are aligned to take the same beam path as the X-ray beam inside 
the hutch. In most cases, this method may require as much or more time as the actual image 
acquisition and therefore represents an important inefficiency in the use of beam time [4].   
 
In all synchrotron facilities, one of the fundamental challenges facing medical imaging is the use 
of the experimental time for specimen positioning/alignment inside the hutch. Therefore there is 
a need for an effect and versatile means of subject pre-alignment outside the hutch and a fiducial 
pre-alignment method which will be placed remote to the imaging has been proposed to address 
this issue and the method is discussed in this thesis. 
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The main objective of this thesis is to:  
(1) Give a survey on conventional methods as well as on the synchrotron imaging modalities 
proposed on the biomedical imaging and therapy beamlines (BMIT) at the Canadian light 
Source (CLS). 
(2) Discuss and compare current fiducial methods used in medical imaging and therapy and 
their limitations. 
(3) Reduce the time it takes to align subject in the biomedical beamlines. 
(4) Provide a way of subject alignment that is more natural to medical community. 
This thesis is divided into six (6) chapters to address these objectives: Chapter 1 gives a brief 
introduction of the thesis, discusses some conventional X-ray methods, and highlights some 
synchrotron imaging and therapy methods. Chapter 2 discusses different fiducial methods use in 
medical imaging. Chapter 3 focuses on the proposed fiducial system for the BMIT beamlines. 
Chapter 4 explains the C-arm fiducial system, the MRT-lift and the transformation methods used 
for the proposed fiducial system. Chapter 5 discusses the simulation results and performance 
analysis. Chapter 6 is the concluding chapter and discusses the future work. 
 
 
 
 
 3 
1.2 Medical Imaging 
An image can be defined as a two or three-dimensional reproduction of an object or scene. It can 
be analyzed or processed using image processing systems to help recognize certain features, 
improve visibility or display digital information for quantitative analysis [5]. In medical imaging, 
different imaging methods may be employed to examine a particular tissue or organ of interest in 
a subject, and each of these methods may reveal different characteristics of the region. Two 
image properties, Structure visibility and Image quality are mostly considered when deciding on 
any type of imaging method for querying an anatomic region; this is because the visibility of an 
anatomical feature depends mostly on the properties of the imaging modality, and how it is 
operated [6]. To achieve optimal image quality, certain components of the imaging modalities 
may be changeable, such as intensifying screens in radiographic imaging, transducers in 
sonography, or coils in magnetic resonance imaging while other components may be adjustable, 
such as kilovoltage in radiography, gain in sonography and echo time in magnetic resonance 
imaging. The image is then analyzed using different processing tools available for each modality 
to improve the image quality. Other image properties that can also be considered are the image 
resolution, unsharpness and/or signal-to- noise ratio of the imaging modality. Some medical 
imaging modalities are discussed in the sections that follow. 
1.2.1  X-ray radiographic imaging  
X-ray production 
X-rays are high-energy photons, similar to ordinary visible light but with more energy and a 
shorter wavelength. The wavelength of X-rays varies from about 10 nm for low energy radiation, 
to about 410  nm for high energy X-rays. A conventional X-ray tube consists of a filament, 
which is heated to emit electrons by thermionic emission, and a tungsten target, which is 
 4 
positively charged with respect to the filament. Tungsten atom is used as a target because it can 
withstand bombardment; it has a high melting point, and can conduct heat away. There are two 
types of electron-atom interactions that will result in the production of X-rays, line or 
characteristic radiation and Bremsstrahlung or “braking” radiation (also called the continuous 
spectrum) [5, 7]. 
Characteristic Radiation 
Every atom consists of negatively charged electrons that circle around the positively charged 
nucleus. The nucleus consists of protons and neutrons, and is where the majority of mass is 
concentrated [8]. The electron orbits are grouped into shells and there are a maximum number of 
electrons that can occupy a given shell. The innermost shell is referred to as the K-shell and has a 
maximum of 2 electrons, the next (L-shell) has 8 electrons, the next (M-shell) has 18 electrons, 
and the next (N-shell) has 32 electrons [8]. Characteristic radiation is produced by an ionization 
process which arises when the negatively charged electron from a cathode interacts with the 
electrons of a target atom. The incoming electron removes an electron from the atom, thereby 
creating a “hole” in the electron shell. The target atom becomes unstable and the hole is quickly 
filled by the next available electron from an adjacent outer shell. If a K-shell electron is removed, 
an electron from the outer shell fills the electron hole, resulting in the production of a 
characteristic X-ray photon with energy equal to the difference between the binding energies 
(BE) of the electrons involved. The energy of the X-ray produced if a K-shell electron is ionized, 
and its hole is filled by an L-shell electron is calculated as below: 
Energy of the X-ray = Binding energy of L-shell - Binding energy of K-shell  
Where Binding energy of K-shell = -12.1 keV and Binding energy of L-shell = 57.4 keV.                             
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Although, M X-rays, N X-rays and O X-rays can be produced by the ionization process, the K X-
rays are more useful in imaging because it has an average energy of 69 eV which falls within the 
range of energy use in medical imaging (15-100 keV).  This is one of the reasons why 
characteristic radiation is sometimes called the K-shell emission [8]. 
 The Continuous spectrum (Bremsstrahlung) radiation 
Continuous spectrum radiation is produced as a result of the interaction of an incoming electron 
with the nucleus of an atom. The incoming electron penetrates the atom’s electron “cloud” and 
gets closer to the nucleus; it is influenced by the electrostatic field of the nucleus. The electron 
undergoes changes in direction and dramatic reductions in speed and kinetic energy. The energy 
that is lost during the process is emitted as high energy X-ray photons, known as Bremsstrahlung 
X-rays. The amount of photon energy emitted depends not only on the amount of collisions but 
also on the amount of energy the electron retains after collisions. The electron may lose all its 
energy in a single collision or it may retain some for subsequent collisions with other electrons, 
both resulting in X-ray photon emission with energy ranging from 0 to the highest kilovoltage  
[7, 8]. Low energy photons are produced by the “braking” process when the incoming electron is 
influenced only slightly by the nucleus, while high energy photons are produced when the 
incoming electron loses all of its energy and comes to rest [8]. The energy of emitted photons is 
expressed as: 
 eVE            Equation 1.1 
where E = Electron energy = Photon Energy 
       e = Electronic charge  
       V = Tube voltage. 
If expressed in terms of wavelength the photon energy is: 
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Equation 1.2       
where h = the Planck’s constant 
       v  = Frequency 
       c = The velocity 
         = The wavelength of the emitted photon [6]. 
1.2.2 Computed Tomography 
Computed tomography (CT) is a cross-sectional imaging technique which produces serial planar 
views through the subject that can then be viewed as individual 2-dimensional “slices” or 
concatenated to provide a 3-dimensional image. While conventional projection radiography may 
be used to achieve sub-micron resolution, it provides limited information for soft tissue because 
of the inability to detect a small linear absorption coefficient without the use of a contrast agent. 
The X-ray CT modality uses a computational method to convert projection images into both 2-
dimensional and 3-dimensional data sets to produce volumetric information for anatomical and 
functional analyses. Drawbacks of CT include the increase in data acquisition time due to the 
number of image slices required, and the increase in patient exposure time which increases 
patient X-ray dose [9]. 
1.2.3 Contrast Imaging 
1.2.3.1 Phase Contrast Imaging 
Contrast is produced from variations in X-ray absorption from different parts of a sample [9]. 
Samples with higher atomic number absorb more X-rays while those with a lower atomic 
numbers absorb less. Soft tissues of the body contain mainly carbon, nitrogen, oxygen and 
 7 
hydrogen, all of which are weak X-ray absorbers because of their low atomic number. Hence, 
soft tissues provide poor image contrast. An approach to increase contrast in soft tissues is to use 
a contrast agent, such as iodine or xenon. Unfortunately these contrast media produce other 
adverse effects during administration [9]. The best approach that can be used is one that will 
deliver a small dose of damaging X-rays, yet will provide good contrast. One such method is 
called phase contrast imaging (PCI) which involves the property of diffraction rather than 
absorption to generate an image.  
 
This diffraction technique uses an X-ray interferometer consisting of two crystal blocks. This 
method splits (diffracts) the X-ray beam into two so that one path of the beam is directed to the 
object and the other part is used as the reference beam. X-rays that satisfy diffraction condition 
and that are in lattice plane perpendicular to a crystal wafer are divided into two and later 
discharged from the back of the wafer. The reference beam that is produced as a result of the 
division is again divided by the second wafer and at the back of the second wafer the two beams 
are brought together while the third wafer mixes the two beams together to produce an 
interference pattern. After the production of the interference pattern, the next step is to measure 
the X-ray phase which is achieved by measuring all the interference patterns by an image sensor 
and then convert the patterns to an image that maps the distribution of the X-ray phase shift such 
as a 3-D image which could be seen as a physical image using the process of phase map. 
 
The major advantage of PCI method is that it may reveal structures in weakly absorbed objects 
such as soft tissues than in conventional method because of its increase in contrast sensitivity. It 
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improves diagnosis reliability by detecting tumor at early stage with the ability to distinguish 
between malignant and benign growths [9]. 
1.2.4 Positron Emission Tomography  
PET is another tomographic imaging technique like CT and MRI. Positively charged positrons 
are produced by some radioactive isotopes such as Oxygen 15, Carbon, and Fluorine 18. These 
isotopes annihilates with negatively charged electrons in biological tissues to produce an 
annihilation radiation of approximately 1 MeV [10, 11]. Due to high electron density in 
biological tissue, there is continual interaction of the electrons and the isotopes which will 
eventually result in the disappearance of the two particles and both replaced with two gamma 
rays. Because of this continual interaction, many projected data produced are used in the 
reconstruction of the isotope concentration. There are many advantages of PET in clinical 
diagnostic studies, because it can easily detect subtle pathologies due to its high sensitive of its 
detector to radioisotope elements [10]. 
1.2.5 Synchrotron imaging  
Synchrotron light is produced as a result of charged particles such as electrons moving at a 
relativistic speed in a magnetic field of a bending magnet and forced to move in a circular orbit 
or in an insertion device such as undulators or wiggler. If the electrons are forced to move at a 
relativistic velocity, they emit synchrotron radiation in the forward direction and at a tangent to 
the orbit, whereas if the electron moves at a non-relativistic velocity for example in a linear 
accelerator, the electron is accelerated in the same direction as it travels and the energy loss to 
radiation is negligible and could not be converted to synchrotron radiation [13, 14]. Therefore, 
for the emission of photon energies ranging from infra-red to energetic X-rays, high-energy 
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electron or positron storage ring are used [14]. Another important factor is the power the electron 
radiates at both relativistic and non-relativistic velocities. At relativistic velocity, the power 
radiated is expressed as [13].  
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where 0m the rest mass of the particle  
 e  is the electron charge,  
c is the speed of light 
vmp 0 , is the momentum  01 m ,   
 dtdp  is the acceleration  
  is the ratio of mass.  
22
0 1
1




cm
E
,     
c
v

       
Equation 1.4    
If moving at a non-relativistic velocity, 0~   and   =1. Therefore, the radiated power is  
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Equation 1.5 
Based on the above equations, the radiated power depends on the angle between the direction of 
motion of the electron and the direction of the acceleration, and also on the energy of the 
particles [13]. The machine that helps in the production of this photon is the storage ring but 
commonly called the synchrotron. The synchrotron machine works with different other machines 
to produce the synchrotron radiation; these are the linear accelerator, the radio frequency (RF) 
cavity, the storage ring itself, and the insertion devices (wiggler and undulators).  
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The linear accelerator and the booster synchrotron work together to speed up the electron to the 
desired energy of the storage ring before it is injected into the storage ring by injection devices 
such as pulsed magnets, (which is an inflector that bends the electron into the storage ring). If the 
storage ring is of low energy, instead of using the linear accelerator for pre-acceleration a 
“microtron” miniature electron accelerator is used. The RF cavity, which is at a straight section 
bundles the electrons into the storage ring within a time range of nanosecond to microsecond and 
it, also refills the energies loss by the electrons in the storage ring [13]. 
 
The storage ring is a tube that’s made up of a symmetric straight and bending sections of 
aluminum or stainless steel tubes under ultra high vacuum and it comprises of different other 
devices such as the magnetic devices with “focusing”, “defocusing” and “bending capabilities”, 
which are positioned to confine the electrons in a prescribed orbit. The bending magnets are 
placed in the curved sections of the ring to produce a dipole radiation with continuous spectral 
distribution, and the sextuples are used to keep electron energies at their preferred values [13].  
The third generation synchrotron brought about the usage of insertion devices (ID) known as the 
wigglers and the undulators and some hybrid versions, which are installed in the straight sections 
of the storage ring. Their main function is to produce still brighter beams. A wiggler uses short 
period of magnets with large magnetic field that gives the electrons a sizable bend as they 
navigate through it, thus producing a range of radiation that nearly equals to the radiation of the 
bending magnet. Undulators on the other hand are very flexible and can produce powerful 
brightness at both Vacuum Ultraviolet (VUV) and X-ray range. The most important parameter of 
both insertion devices is the strength parameter K, expressed as  
K=0.934    TBcmU 0    [26]        Equation 1.6              
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where u  is the duration, 0B is the peak magnetic field. 
1.3 Background 
1.3.1 The Canadian Light Source 
Synchrotron light is produced as a result of charged particles such as electrons moving at a 
relativistic speed in a magnetic field of a bending magnet or an insertion device. The beam 
produced through this means is many times brighter than sunlight and it ranges from far infra-red 
to hard X-rays regions. To examine any sample or material using this beam, the desired 
wavelength of the beam is selected, and then transfers into the beamline and to the experimental 
hutch where sample analysis occurs. Unlike Conventional X-ray, the beam from synchrotron 
source is monochromatic, highly polarized, intense and tunable. These unique characteristics 
make imaging bone and soft tissues with lower radiation dose possible. At the Canadian Light 
Source there are about 14 beamlines which are grouped into phases based on their operational 
dates, out of these; two beamlines have been dedicated mainly for medical imaging and therapy 
purposes. The two beamlines are Biomedical Imaging and Therapy Beamline (BMIT-BM & ID.) 
They are to be used for synchrotron imaging and therapy on Human, Animals and Plants [15]. 
1.3.2 The Biomedical Imaging and Therapy Beamlines  
The beamlines which are reserved for medical Imaging and Therapy at the Canadian light Source 
are from both bending magnet (BMIT-05BM) and insertion device (BMIT-05ID) sources. The 
BMIT-05ID is the primary source for the imaging and therapy capability of the facility. The 
beam from this source is intended to be used on various size subjects such as animals (from 
horses to rodents), plants and human subjects, for this purpose, a uniform fan beam high and 
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wide enough to cover this subjects range is needed, the scan area of this beam is estimated to be 
approximately 20 cm wide and 30 cm high from the source point. It would be used to carry out 
different imaging and therapy modalities ranging from Conventional Imaging, Diffraction 
Enhanced Imaging (DEI), Multiple Imaging Radiography (MIR), K-edge Subtraction (KES), 
Computed Tomography (CT), CT Therapy and Microbeam Radiation Therapy (MRT) [16]. 
Since these imaging techniques require varying photon energies and fluxes a superconducting 
wiggler with a magnetic field strength of about 4 T, critical energy of 22.37 keV with a period of 
4.8 cm and a deflection parameter K of 17.93 is used as the insertion device. For imaging 
purposes, the subject is expected to be located at about 50 m i.e. (±2 milliradians or ±0.63K/γ) 
from the source and this brings the critical energy down to 17.31 keV. For radiotherapy purpose, 
specifically Microbeam Radiation Therapy (MRT), with dose being one of the major factors, 
therefore wiggler with a pole number of 24, that will generate approximately 24kW power and 
deliver 2500 Gy/s is proposed [17, 16]. The BMIT-05BM is added to increase the imaging 
capability of the insertion device source by carrying out other therapy and imaging techniques 
such as photon activation therapy, X-ray scatter imaging, small angle X-ray scattering, phase 
contrast or in-line holography and ultra small angle scattering of DEI/MIR. Like all other bend 
magnets at the CLS its bending radius is about 7.144 m with field strength of 1.354 T and a 
critical energy of 7.57keV. It has a spectral brightness approximated to 
bwmradsphotons %1.0///107.3 213  at 20 keV. At a source distance of 30 m, flux K is 
estimated to be about 29 //104 mmsphotons if the beam is tuned with (Bragg) double crystal 
monochromator [16, 17]. Figure 1.1 shows the comparison between CLS superconducting 
wiggler and the ESRF wiggler. 
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Figure 1.1 Comparison of the proposed CLS BMIT –ID superconducting conducting wiggler 
(12poles, 500 ma. 2.9 GeV) at 4T and 3T maximum field with the ESRF ID17 wiggler operating 
at (6 GeV, 200 mA, and 11 periods) for 1.4T maximum field MRT and imaging with 0.6T max 
field. The dotted line shows the ESRF (MRT) and the dashed line shows the ESRF imaging 
techniques [17]. 
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Modalities on BMIT Beamlines 
The BMIT – ID has several photon characteristics which makes it ideal for different imaging 
modalities, it has an operating energy range of 20-100 keV , it’s wavelength is between 0.6 – 0.1 
Å and resolution that spans various modalities with DEI operating at resolution of 10-5 , and a 
spot size of 200 mm x 10 mm [17] . With its operation around the corner, several imaging 
techniques to be experimented on this beamline have already been proposed and are discussed in 
the next few chapters.  
1.3.2.1 Imaging 
(a) Absorption Imaging 
 In imaging, “everything is all about contrast” [18]. Contrast is the relative variation of image 
property. To achieve a reasonable contrast, the intensity of the beam must be high enough, which 
in turn increases the signal –to –noise ratio [18, 19]. For health reasons, there is maximum 
allowable radiation dose, which may be given at a time. There are two basic methods by which 
good contrast may be achieved in medical imaging, either by changing the intensity or phase of 
the incident photon as it transverses the object, or through the scattered radiation produced from 
the incident beam as it transverses a matter such as in Compton scattering. The latter results into 
two major contrast achievement, a volume element image as a result of using beam of isotropic 
intensity, or tomographically reconstructed image due to beam of wider angular range [19]. 
The monochromacity nature of synchrotron beam, its tunability, and high intensity make 
synchrotron absorption imaging of greater advantage than the conventional absorption method. 
Absorption imaging using synchrotron on the BMIT beamline will optimize a highly tunable and 
monochromatic beam of energy to penetrate variations of subject thickness in order to produce 
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valuable results for the researchers and the clinicians. The beamline will make use of the 
variation in absorption at the K-edge of some elements to produce the K-edge subtraction 
imaging method, which may be used to study coronary arteries as in coronary angiography; KES 
will also be combined with high resolution camera to investigate small vessels to study problems 
in the heart and brain. Other advantages of the absorption imaging technique would also be 
utilized to carry out computed tomography imaging technique (CT) [16, 17]. 
(b)K-edge Subtraction (KES) 
A method of absorption technique that has been proposed for the BMIT beamlines is the K-edge 
subtraction method. This method is used to reduce the artifact caused as a result of anatomical 
motion in conventional subtraction imaging technique. Conventional imaging method involves a 
process of first imaging a target without the injection of a contrast agent while a second image of 
the same target is taken by injecting a contrast agent such as (xenon, iodine e.t.c) then image at 
energy just above the absorption energy of the contrast element. Subtracting these images gives a 
map of the contrast medium. The major limitation to this method is poor image quality, which is 
as a result of organ movement during imaging. Using KES method for subtraction imaging, the 
synchrotron from the source is diffracted by a bent Laue crystal to produce energies below and 
above the absorption edge of contrast agent. These energies are applied simultaneously to the 
target and the energy above the edge produces image information due to Compton and 
photoelectric effects, while the energy below the edge is mainly through Compton scattering [17, 
19, 20]. The two images are logarithmically subtracted to produce maximized image of the 
contrast medium [19, 20] The KES method showing the photoelectric absorption effect of xenon, 
soft tissue and bone is as shown below.  
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(c) Coronary Angiography 
 This is one of the KES diagnostic imaging methods that would be carried out on the BMIT 
beamline. It is an examination of the blood vessels using photons in the X-ray region. During the 
procedure, the patient is positioned motionless with their hands on their sides or over their head. 
The process involves inserting a tip of a catheter in the heart or into the arteries supplying the 
heart and injecting a contrast medium with iodine composition to take the angiograms. Following 
this process KES technique is applied in order to eliminate the (arterial catheterization) 
complications caused by the conventional method as well as obtaining image of high quality [19, 
21]. Figure1.3 shows the mouse coronary angiography method at the Japan Synchrotron 
Research Institute. 
 
 
 
 
Figure 1.2 The attenuation of X-ray as a function of Energy. Curve A shows 
the attenuation by xenon. Curve B the attenuation by soft tissue and Curve C 
the attenuation by bone. As shown, there is an increase in attenuation of 
Xenon as the energy approaches 34.56 keV [20]. 
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(d) Micro angiography 
This diagnostic method is similar to coronary angiography but it goes further to investigate any 
blockage in the heart and the brain by using high resolution camera to visualize the tiny vessels. 
This method has been proposed to be carried out on the BMIT beamline [19]. 
 
Figure1.3 Image of mouse coronary angiography using synchrotron radiation 
micro- angiography performed at the Japan Synchrotron Radiation Research 
Institute, Harima, Japan. The top shows a coronary angiography from an 
apolipoprotein E mouse fed with a high cholesterol diet for 5 months. At the 
proximal end of the left coronary artery, a severe steno tic lesion was detected 
(arrow). The top-right shows the histological analysis of the stenotic lesion.  
While the bottom shows, in-vivo coronary angiograph of an anesthetized 
C57BL/6 mouse [21]. 
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(e) Computed Tomography (CT) 
 CT is a cross-sectional imaging technique that shows the attenuation property of an X-ray as it 
transverses through the body. The major disadvantage of the conventional CT method is inability 
to interpret the image quantitatively due to change in attenuation caused by beam hardening. The 
high tunability and collimation characteristics of X-ray from synchrotron source erase the beam 
hardening effects. Monochromatic property of synchrotron beam at the CLS would be employed 
in dual/multi CT to distinguish between low and medium Z- elements. Also a pencil beam from 
the source would be used in fluorescence CT to generate a fluorescence signal, which may be 
used in in-vivo for imaging non-radioactive elements. The only set back with synchrotron 
method is that the beam is stationary so the object has to be rotated at 90 degree along the fan-
beam plane [10, 19, 22]. 
(f) Diffraction Enhanced Imaging (DEI) 
 This is one of the main radiographic methods that would be carried out on the BMIT beamline at 
the CLS with energy of about 100keV and resolution reduced to approximately m50 . It is a 
technique that produces absorption, refraction as well as extinction contrast mechanisms [10, 19, 
22]. In DEI experiment a collimated beam from a monochromatic crystal traverse through an 
object and a single silicon analyzer crystal similar to the monochromatic crystal is made to 
analyze the beams that impinge upon it. This analyzer crystal can be set on each side of its 
reflectivity curve to produce two types of image namely the refraction angle image and the 
apparent absorption image. Absorption contrast mechanism is determined by integrating the 
intensity of the distribution on each image pixel. Refraction image is determined from the 
analyzer crystal, by locating the centre of the angular distribution on each image pixel while 
extinction image (MIR technique) an extension of DEI technique can also be determined by 
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locating the width of the angular intensity distribution which is by calculating the variance of the 
intensity distribution [23, 24, 25]. At NSLS X15A imaging beamline, (D. Chapman et al) have 
carried out an experiment on human cadaveric foot to show these contrast mechanisms. These 
images were produced by varying the analyzer crystal at 40keV, and positioning the 
monochromatic and analyzer crystals in parallel with a mean exposure of 0.12mGy per image. 
The images obtained using MIR method are as shown in Figure 1.5 [25, 26]. 
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Figure 1.5 The top image shows the attenuation i.e. absorption image. 
The middle image is the refraction mechanism. The bottom shows the 
Extinction mechanism. From the diagram, it can be deduced that soft 
tissues can easily be visualized with refraction and extinction 
techniques while absorption shows well only the calcified soft tissues 
[25]. 
 
 
Figure 1.4 The top image shows the attenuation i.e. absorption image. 
The middle image is the refraction mechanism. The bottom shows the 
Extinction mechanism. From the diagram, it can be deduced that soft 
tissues can easily be visualized with refraction and extinction 
techniques while absorption shows well only the calcified soft tissues 
[25]. 
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(g) Multiple Image Radiography 
 This technique described by [26] is an improvement of the DEI technique. It corrects the errors 
in DEI and it is more susceptible to noise. While DEI produces multiple parametric images i.e. 
apparent absorption and refraction images, MIR produces three distinct images of absorption, 
refraction and extinction (Ultra –Small-angle-Scatter-Rejection (USAXS)) images. The setup of 
MIR is the same as with DEI and generation of each contrast techniques is the same. Both DEI 
and MIR may be used to image at high energies and still minimizing the risk to the patient by 
lowering radiation exposure. Both techniques can also display calcified and soft tissues 
simultaneously [25].  
1.3.2.2  Radiotherapy on the Biomedical Beamline 
 The CLS biomedical beamline will carry out various radiotherapy techniques by employing 
some of the characteristics of the beam generated from the insertion device and the bend magnet. 
The high collimating beams generated through these means will be used to target small tumors 
while the tunability property of the beam will make the beam able to penetrate the tumor to a 
particular depth. The monochromaticity of the beam will also eliminate beam hardening effects 
as well reduce Compton effects considerably. At the CLS the radiotherapy techniques that will 
be experimented on the BMIT beamline are [19, 24]. 
(a) Microbeam Radiation Therapy (MRT) 
 A therapeutic technique first discovered at the National Synchrotron Light Source (NSLS) 
Brookhaven is aimed at reducing damaged tissue necrosis developed during conventional 
radiation therapy [27]. To achieve this, the beam is divided into smaller spatially separated 
parallel Microbeam separated by about m200100  [16]. The target is positioned to ensure that 
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it receives enough collimated beams that cross it at different locations and only micro 
fractionated dose is received by the surrounding healthy tissues as illustrated in Figure 1.7 [24]. 
This theory works only if there is sufficient undamaged volume of healthy tissues by which the 
damaged cells may regenerate. The main limitation to this technique is that it can be carried out 
only at certain synchrotron facility that can generate the Microbeam, with CLS BMIT beamline 
one of such facilities.  
 
 
 
 
 
 
 
 
 
 
 
(b) CT Therapy 
The main purpose of this therapy technique is to reduce the amount of dose received by healthy 
surrounding tissues by administering the dose in tomographic mode to target tumor cells. The 
process is such that a contrast medium such as iodine is injected in the target volume and a 
Figure 1.7 An illustration of spatially micro fractionated dose to surrounding 
healthy tissues [24]. 
 
Figure 1.6 An illustration of spatially micro fractionated ose to surrounding 
healthy tissues [24]. 
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monochromatic crystal is use to deliver a beam of energy above the K-edge of the contrast agent 
to the tumor volume [19] .  
(c) Photon Activation Therapy (PAT) 
 This is one of several therapy techniques that has been proposed on the BMIT beamline, this 
method is similar to CT therapy, the difference is that after injecting the contrast agent of high Z 
into the DNA of the tumor, and irradiate with monochromatic beam with energy above the K-
edge of the agent, an auger electron emits. The energy of this electron deposits within the 
vicinity of their emission to produce photoelectron (photon generated from an element due to 
ionization). At the ESRF ID17 biomedical beamline, PAT has been applied on male Fisher rat 
injected with cisdiamminedichloroplatinum (II) (CDDP) platinum contrast agent and irradiated 
with a high energy monochromatic beam of 78.4 (+/- 0.4) keV. The result showed a high number 
of auger emission which results in significant enhancement of the effective radiation dose by a 
factor of two [19, 28]. 
1.3.2.3 The BMIT–BM 
 Some of the photon characteristic of the BMIT-BM will make it possible to carry out similar 
technique as the ID beamline, but some special technique such as KES and absorption imaging 
will primarily be on the ID beamline. Some methods that use transverse coherent source such as 
Phase contrast Imaging, X-ray scatter imaging, small angle X-ray scattering and some new 
technologies would be basically on the BMIT-BM [16, 17]. 
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(a) Phase contrast or in-line holography 
 This is an imaging technique that has been proposed for the bend magnet beamline (BMIT-
05BM) at the Canadian Light Source. It uses transversely coherent beam to improve image 
contrast, this is achieved by the change in phase and amplitude of the incident beam as it 
transverses the sample [17]. This phase change may then be measured with an interferometer to 
produce a phase contrast image. Another type of phase contrast called in-line holography will 
also be examined, with this method; the interference effect produced by the direct and scatted 
beam causes a change in amplitude of the transmitted beam thereby producing intensity variation 
in the transmitted beam [19]. 
Figure 1.8 Central spectral brightness of CLS bending magnet. The solid blue line 
shows the brightness with 0.127 mm Be window filtration. The dashed line shows 20 
keV energy  [17]. 
Figure 1.9 
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(b) X-ray scatters imaging (projection and CT) 
 This is one of the new imaging techniques that will be carried out on the BMIT-BM beamline. It 
is similar to computed tomography method, where a pencil beam is used to create an image of a 
target. The hypothesis is that this technique will be use to distinguish different tissue types with 
lower exposure [16]. 
(c) Small angle X-ray scattering 
 Another scattering imaging technique proposed on the BMIT-BM beamline. This method is 
described as a potential to be used in both CT and projection imaging with an aim of using the 
scattering properties of tissues to identify lesions [16]. 
(d) Development of new imaging technique 
 An imaging technique that will combine the refraction and extinction contrast mechanisms of 
DEI/MIR with small angle and wide-angle scattering might be made possible on the BMIT-BM 
beamline as proposed by Chapman et al. 
1.3.2.4 BMIT Detector 
 For the purpose of biomedical imaging and therapy techniques on the BMIT beamlines, some 
detectors have been proposed and are presently under review. These detectors are The GE dual 
energy line detector or the FReLon detector which would be purchased from the ESRF medical 
beamline, this detector will primary be used for the K-edge subtraction imaging mode, a 
fluorescence detector system, which is a single element solid state detector and would be used to 
analyze the imaging beams for the facility and possibly a line beam and area imaging detector 
which would be used for the DEI, CT, Scatter imaging, and KES techniques [17, 29]. 
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1.3.2.5 BMIT Subject Positioning and Restraint Technology 
A fiducial pre-alignment system for positioning wide range of subjects (human and animal with a 
wide range of sizes and possible projections) and to distinctively mark the region of interest and 
view outside the experimental hutch before undergoing imaging is been proposed and the bases 
of this thesis. Also a positioning system, responsible for positioning and scanning large animals 
and human and that will also position (not scan) small objects is presently under research and 
development. The positioning range for this system is approx. 3.1 m and the scanning range is 
about 0.7 m in order to be used for wide imaging scenarios [17]. Other restrain systems that have 
been proposed are the small- intermediate Animal/Human Sample system for MRT positioning 
and scanning system and the Large animal positioning and restraint stage, all of which are still 
under development. 
Chapter conclusion: 
This chapter gives a survey of some conventional and synchrotron imaging methods use in 
medical imaging as well as  discusses some of the imaging and therapy modalities proposed on 
the biomedical imaging and therapy beamlines (BMIT) at the Canadian light Source (CLS). 
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2 Fiducial systems in medical imaging  
We will define a fiducial system as a means of pre-alignment of a subject in which a point of 
beam entry, region of interest and projection are defined on a subject. Medical imaging and 
therapy methods are based on two major steps. The first step is to determine the location of a 
target (a specific spot or region on the object) and to determine a projection through the subject.  
In the case of X-ray radiography, before positioning or alignment to the source, the subject must 
first be positioned in a view that defines the region of interest and suitable for the type of 
imaging technique (projection, or CT).  The view could be from any of the 3 orthogonal sections 
of the body (or combinations of) referred to as transverse (separating the body into cranial 
[superior] and caudal [inferior] parts), median or sagittal (separating the body into left and right 
parts), and dorsal or frontal (separating the body into dorsal [posterior] and ventral [anterior] 
parts [31, 32].  
 
In order to get the correct view of the subject and able to align it correctly to the beam, some set 
out rules must the followed precisely; these are the anatomical, positioning and projection 
terminologies [31]. These terminologies are use both in conventional and synchrotron imaging 
methods and they are as follows. 
2.1 Anatomical terminology 
These terminologies will focus on human and animal subjects in a standard reference position. 
There are few differences in the anatomic terminologies of human and animal subjects but terms 
such as dorsal, ventral, cranial, and rostral have the same meaning in the two. Figure 2.1 shows 
the relationship between the anatomical terminologies use in the both subjects. 
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In anatomic view, the subject is erect or stands straight, feet together and arms at sides with 
palms forward [31, 32].  These views are: 
(a) Cranial, cephalic and superior view: View towards the head. 
(b) Caudal, caudal and inferior view: View away from the head. 
(c) Anterior and Ventral View: front view of the subject. 
  
Figure 2.1 Anatomical terminologies in a quadruped and a biped.  Figure b shows 
the quadruped in the synonymous position as the biped [31, 32]. 
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(d) Posterior or Dorsal View: View from the back of the body or organ of the subject. 
(e) Medial or Central View: View to the mid-area or part of the body closest to the midline. 
(f) Lateral view: Any view from the side of the subject [32, 33]. 
2.2 Positioning terminology 
 Three fundamental planes are used to describe subject positioning in planar and cross-sectional 
imaging methods, these planes are mutually at right angles to each other [31, 32, 33]. These are: 
(a) Median sagittal plane: A vertical plane that runs from front to back and divides the body 
into right and left portions. 
(b) Coronal plane: A plane that runs from side to side and divides the subject or part of the 
subject into anterior (ventral) to posterior (dorsal) parts. 
(c) Transverse or axial plane: A horizontal plane that divides the subject into upper 
(superior) and lowers (inferior) parts [32, 33]. Figure 2.2 depicts these positioning views 
as explained above. 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Positioning terminologies employ in radiographic imaging [34]. 
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2.2.1 Body positioning terminology 
 Apart from the three fundamental planes, there are various ways in which subjects could be 
positioned in relation to the surrounding space [32, 33]. They are: 
(a) Erect: In which the projection is taken when the subject is in sitting or standing position. 
(b) Recumbent: In this position, the subject is lying down in any of these positions. 
(c) Supine (dorsal recumbent) i.e. subject lying on the back. 
(d) Prone (ventral recumbent) subject lying face down. 
(e) Lateral recumbent subject lying on the side, could be right lateral recumbent- lying on the 
right side or left lateral recumbent lying on the left side. 
(f) Semi-recumbent: subject reclining part way between supine and sitting erect. 
2.3 Projection terminology 
 Projection describes the radiation path as it traverses the subject to the image detector. Different 
projection terminologies are [31, 32, 33]. 
(a) Antero-posterior (AP projection): The central ray enters through the anterior (front) 
aspect, passes along or parallel to the sagittal plane and emerges from the posterior (back) 
aspect of the subject. 
(b) Postero-anterior (PA projection): Here, the central ray is incident on the posterior part, 
passes parallel to the median sagittal plane, and exits from the posterior aspect of the 
subject. 
(c) Lateral: The central ray passes from one side of the subject to the other side along a 
coronal and transverse plane. It could be right lateral when the ray enters on the left side 
and passes through to the detector positioned on the right side, or could be left lateral if 
the direction of the ray and detector is vice versa. 
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(d) Oblique: This involves passing the central ray through the subject along a transverse 
plane at some angle (between zero and 90 degrees) between the sagittal and coronal 
planes. 
(e) Anterior oblique: In this case, the central ray enters through the posterior portion, passes 
along a transverse plane at some angle to the sagittal plane, and then emerges from the 
anterior portion. 
(f) Posterior oblique: In this projection, the central ray enters the anterior portion; it passes 
along a transverse plane at some angle to the median sagittal plane, and then emerges 
from the posterior portion [31, 32, 33]. 
(g) Lateral oblique: The central ray enters one lateral portion; it passes along a transverse 
plane at an angle to the coronal plane, and emerges from the opposite lateral aspect [31, 
32, 33]. Some projection terminologies are shown in Figure 2.3. 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
(c) 
(d) 
Figure 2.3 Shows some projection terminologies (a) AP (Anteroposterior 
projection), (b). PA (Posteroanterior projection, (c) Left lateral projection, 
and (d) Right lateral projection [34]. 
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2.4 Current fiducial system in medical imaging 
2.4.1 Invasive Fiducial System 
2.4.1.1 Gold Fiducial Marker 
An invasive method of stereotactic target localization involves the use of artificial metal fiducial 
markers which have some property that makes them visible in X-ray images. During treatment 
planning, these markers are inserted on the target area with the assumption that they would not 
be misplaced throughout the entire planning and treatment stages. Once these markers are 
placed, a CT or MRI image is taken to create a reference point for the treatment. With the 
fiducial still on the target, two different radiography views are then taken during the treatment 
stage. The images obtained will show the position of the fiducial and then compared with the 
images acquire during planning. If there is any difference, it is corrected either by manually 
repositioning the fiducial to the expected area or by aligning the X-ray beam to the exact target 
location. A typical example of a metal fiducial which has been used is the fiducial gold marker 
[36]. This marker is cylindrical in shape and manufactured in different sizes and visible in many 
imaging modalities. This marker is inserted through transrectal ultrasound to the target, and it 
possesses a feature that makes it remain firmly on the target throughout the entire treatment. 
Figure 2.4 shows CT and MRI images of prostate cancer using fiducial gold markers [35]. 
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2.4.1.2 Carbon Fiducial Marker 
Another type of fiducial marker is the carbon fiducial markers described by C. D. Fuller, et al 
[36]. The only difference between this fiducial and the gold fiducial is that the carbon fiducial is 
visualisable only in the CT imaging method and therefore not suitable for any other imaging 
modality. Like the gold metal, it is also administered invasively and the CT image is taken 
during planning to determine the location of the fiducial on the target. Figure 2.5 shows the 
comparison between the images acquired using carbon fiducial markers and gold seed fiducial 
markers [35, 36]. 
 
 
 
Figure 2.4 Images of a prostate cancer (left) Transverse CT with gold 
markers shown with the arrows, (right) T2* -weighted MRI with marker 
also shown with the arrows [35].  
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2.4.2 Non Invasive Fiducial System 
2.4.2.1 Skull Fiducial Marker System 
Both Gold and Carbon fiducial markers are administered invasively to determine target location. 
Such systems however might not be suitable for some applications which may involve 
continuous acquisition of multiple volume images, such as producing a radiograph of the brain. 
A noninvasive, re-attachable skull fiducial marker system was described by Matthew A. Howard 
III et al., [37] could be used for this repetitive task. This system is made of lightweight re-
attachable and movable bars called the Banana Bars that aids the movement of the fiducial 
marker system to any location on the skull. These bars are firmly connected to the teeth of the 
subject with the aid of a molded mouth piece which provides a point of attachment for the bars.  
(a) 
(b) 
Figure 2.5 Prostrate cancer images showing left (a) transverse CT using Carbon 
fiducial marker and right (b) with gold fiducial marker [35, 36]. 
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Once proper position is established, a CT, MRI and plain X-ray images of the system were taken 
to show the visibility of the fiducial systems on the radiographs, also to check for any fiducial 
positioning error which may be corrected before carrying out the treatment [37]. Figure 2.6 
below shows the bar and how it was attached to the subject skull and teeth.  
 
 
 
 
 
 
 
 
 
 
 
 
2.4.3 Stereotaxic Fiducial System 
To locate some small deep targets, a clinician sometimes uses a stereotactic head, or frame 
during treatment planning [3]. This head is rigidly placed over the region of interest, and as 
usual, a CT or MRI image of the frame is taken to determine the location of the target [1, 3]. 
However, an internal land mark could also be used instead of the frame to determine this target. 
A typical stereotactic head is shown below.  
 
Figure 2.6 A photographic image of the Banana bar mounted on the 
subject [37]. 
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 During the CT or MRI treatment, this stereotactic head is shown on the scan, which enables the 
computer to plot the coordinates of the head as well as produce the three-dimensional reconstruction of 
the target. Other types of noninvasive system are the surgical clips, which are placed at the 
lumpectomy area during breast imaging [3].  
Chapter Conclusion 
In this chapter, different fiducial methods, such as invasive and non invasive methods use in 
medical imaging and therapy were discussed. Some emphases on the current synchrotron fiducial 
methods and there major disadvantages were also discussed. 
 
 
Figure 2.7 MRI scans of the target using a stereotactic head to determine the exact location of 
the target [3]. 
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3 Fiducial subject pre-alignment system for the biomedical 
imaging and therapy beamline 
The main objective of this chapter is to discuss the proposed fiducial subject pre-alignment 
system for the BMIT beamlines. The chapter will explain the main objectives of the fiducial 
system as well as how the goal is achieved. 
 
In synchrotron imaging, the most common system used for subject alignment is based on a laser 
set placed inside the hutch, which are set to take the same beam path as the X-ray beam. 
However any method involving subject pre-alignment inside the hutch is very wasteful of the 
experimental beam time. Therefore, there is a need for an effective and versatile means of 
positioning wide range of subject outside the hutch. 
 
For this purpose, the design and construction of a prototype fiducial subject pre-alignment 
system has been proposed for the BMIT beamlines at the CLS. A “fiducial” in this term is a 
means of pre-alignment in which point of beam entry, region of interest and projection are 
defined on the subject. 
3.1 System Objective  
The objective of this fiducial method is to: 
(a) Reduce the time it takes to align subject in the biomedical beamlines. 
(b) Provide a user friendly way of subject alignment that is more natural to medical 
community. 
(c) Allow mistakes to be corrected before imaging.  
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This method will allow  
(a) Beam path through a specific region of interest to be modeled outside the imaging hutch 
in a way that it may be reproducible relative to the fixed X-ray beamline inside the hutch.  
(b) The model will include an indication of the center of the beam and a rectangular area 
around the target delineating the limits of the area to be imaged. 
(c)  The rectangular field of view would be projected on the incoming (entrance) side of the 
subject as well as the outgoing (exit) side of the subject, and these projections must be 
coaxial with each other and parallel with the X-ray beam. 
To achieve these objectives, two types of positioning systems and a mathematical transformation 
method will be used: 
(a) A C-arm system placed external to the hutch will allow projection to be defined on a 
 specific region of interest on the subject. 
(b) A BMIT Kappa style positioning system placed inside the hutch that all subject  
orientation in position and angle. 
(c) A mathematical transformation method that will be used to derive transformation settings  
from both systems and that will show how the transformation outside the hutch affects 
transformation inside the hutch. 
These positioning systems and the transformations between systems will now be addressed in the 
next chapter. 
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4 The C-arm fiducial system, the MRT-Lift and the transformation 
methods  
The positioning system used on BMIT allows subject to be oriented (both in position and angle) 
relative to the fixed synchrotron radiation beam, as well as allowing a scan of the subject through 
the beam (translation or rotation). A “C-arm” system external to the hutch will allow projections 
to be defined using this system; this is more natural for our medical users. The projection 
information from this C-arm system is used to define the settings of the positioning  
 include both angulations and translation positioning. 
4.1 The C-arm Fiducial System 
A C-arm fiducial system was designed and constructed using a C-arm machine donated by 
Saskatoon Health Region. The fiducial system is therefore composed of a C-arm machine, 
translation stages, and set of laser system. The C-arm system was used to make the incoming 
rectangular laser beam coaxial with the outgoing beam. Since the system can be rotated about X, 
Y and Z axes, so co-linearity is achieved by mounting two XY stages on each arm of the 
machine. On the C-arm, two sets of manually driven XY stages  were stacked on each arm of the 
machine, and on each stage two laser (IIIa classified) system are mounted in a way as to produce 
a rectangular field of view <20 mm by <30 mm on a pre-marked region of interest on the target. 
To form this rectangular field of view on a region of interest, two cross lasers are placed side-by-
side on a manually driven stage and are made to intercept each other. As these lasers intercept, a 
rectangular shaped beam is formed. A complete fiducial system designed with solidwork CAD 
program [41] is as shown in the figures below. The figures show the design of a complete 
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fiducial system, the three axes of rotation of the fiducial machine as well as the formation of the 
laser beam on a region of interest. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
XY Stage 
Laser Beam 
Figure  4.1 Complete solidwork design of the prototype fiducial system 
 



Figure 4.2 Axes of the fiducial 
system 
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Figure 4.3 A close-up of system arrangement and formation of fiducial beam 
 
Rectangular fiducial beam
Figure 4.4 Fiducial Laser beam on a region of interest 
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4.1.1 Fiducial C-arm system construction 
 A prototype C-arm fiducial system was constructed based on the design criteria. The XY stages 
and the laser systems were ordered from the manufacturer. The figures below show the XY 
stages, the assembly and construction of a prototype system. 
 
The C-arm system was used to make the incoming rectangular laser beam coaxial with the 
outgoing beam by mounting the two XY stages on each arm of the C-arm. As shown in the 
figure below. The projection information is then stored and analyzed to derive a set of numerical 
data that was used inside the hutch to reproduce the projection relative to the beamline. Once the 
two projections are verified, imaging may commence.  
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Figure 4.5  XY translation stage used in construction of the system 
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4.1.2 The C-arm geometry  
The C-arm machine uses the same geometry used in single-crystal diffractometer [42]. This 
geometry is termed the Eulerian. An Eulerian Geometry is the repetition of rotations about a 
Mounted XY stages
Figure 4.7 Picture of XY translation system as mounted on the C-arm 
 
  Figure 4.6 Assembling of the XY translation system and the Lasers 
 
 
Laser mount
Battery operated Laser
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particular axis such as XYX, XZX, YXY, YZY, ZXZ, and ZYZ [39]. Outside the hutch, the subject 
to be imaged is placed in a fixed positioning system and the target is positioned relative to the 
center of the “C” in the C-arm. On the subject, a target is placed with a marker, to indicate the 
region of interest and where the X-ray beam will hit when placed inside the hutch.  
For clarity, the C-arm system is denoted by /r

  and the fixed subject by //r

. 
/r

 Is the C-arm frame. 
//r

Is the subject frame. 
Therefore, it is possible to transform from one frame to another using an appropriate vector 
rotation, and applying Eulerian method of three successive rotations to transform from subject 
frame to C-arm frame [43]. 
 
Both the fixed C-arm frame and the subject frame have the same origin and they are related by a 
rotational matrix F [42]. The angles of rotation are denoted by   about x, 
  about y, and   
about z, such that, 
   
///
),,( rFr


       
Equation 4.1 
For this purpose, the subject is rotated about the ZXZ rotation, as shown in the figures below. 
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The first rotation is about the z –axis which is a counterclockwise rotation through angle   as 
shown below in the figures below. 
Figure 4.9 The starting view showing the coordinates axis 
Figure 4.8  The XYZ coordinates of the system. 
y 
z 
x 
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The coordinates generated through this rotation is x
/
, y
/
 and z
/
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  4.11The view when rotated by z about   
Figure  4.10  Rotation about z- axis about   
y 
z 
x 
y
/
 
z
/
 
x
/ 
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The transformation coordinates is represented as 




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
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
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
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



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

 

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




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




z
y
x
z
y
x
100
0cossin
0sincos
/
/
/


                  Equation 4.2 
   The second rotation is through angle  about x/. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  4.12 Rotation through angle  about x/ 
y
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y
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 The transformation of the coordinates is represented as follows:  

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
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
/
/
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//
//
cossin0
sincos0
001
z
y
x
z
y
x

         Equation 4.3 
 The third rotation is about z- axis again though angle    . The coordinates generated through 
this rotation is the C-arm frame with coordinates x
///
, y
///
 and z
///
. 
 
 
 
 
 
Figure 4.13 Subject view showing rotation through angle  about x/ 
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Figure 4.15 Corresponding view of the subject when rotated about  
  
through z- axis 
y
///
 
 x
// 
 
y
//
 
 z
//
, z
///
 
 
 x
/// 
 
Figure 4.14 Subject rotation through 

 about z-axis 
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The transformation coordinates is represented as: 

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Equation 4.5 
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Equation 4.6  
Equation 4.6 forms a relationship which shows that the C-arm will coincide and form a 
rectangular shaped beam on the region of interest outside the hutch. 
4.2 The MRT-Lift  
BMIT will implement a kappa style positioning system whose design is similar (but larger) to 
that presently use on the ESRF ID17 biomedical beamline [38]. One of the principal applications 
of this positioning system is for Microbeam Radiation Therapy (MRT) [17]. However; it will be 
used for imaging (both projection and CT) and therapy methods with subjects as large as 
humans. The general purpose positioning system is referred to as Microbeam Radiation Therapy 
Lift (MRTL). 
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Figure 4.16 shows the design of the MRTL system.  
Where:  
Subject holder – Holds the subject in the hutch for imaging. 
1  Rotates the entire assembly,  
2  Supports 3  through angle kappa (30o) and 
3  Supports the subject holder 
 
 
 
Figure 4.16 MRTL System.  Figure (a) shows the rotational axes and figure (b) shows the 
translational axes. 
Subject 
holder

 

Zscan
zsample
ysample
xsample
ytrans
a. b.
Center of 
Rotation
 53 
The MRTL system has eight degrees of freedom with three rotational axes and five translations. 
All the rotational axes intersect at the center of the system (identified as the center of rotation in 
Figure 4.16 (a). The subject holder is supported on the 3 axis. Out of the five translational axis, 
three are located on the subject holder, these are the ( samplex , sampley , and samplez )  and they are 
used to locate the subject near to the center of rotation. The 3 axis is supported by the 2 axis 
through a support plate bent by the “kappa” angle.  In the MRTL system this angle is 30°. The 
2  axis is supported by another bent plate (also bent by 30°) mounted on the 1 axis. The 1 axis 
rotates the entire assembly of the 2 , 3  and the sample holder plus the translations 
( samplex , sampley , and samplez ).  
 
Below the 1  axis is a cross slide ( transy ) used to position the center of rotation in the middle of 
the incident x-ray beam. A vertical translation ( scanz ) for either positioning or scanning is located 
below the cross slide. 
4.2.1 MRT Coordinate System 
For the purposes of this analysis, a coordinate system fixed in the laboratory or attached to the 
experimental floor is defined as the fixed laboratory frame and the MRTL system is in this 
frame. The plane perpendicular to the 1  axis will be denoted as the horizontal plane. The 
incident X-ray beam is in this plane and the direction defined by this beam is designated as the x-
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axis
1
. The z-axis is directed upward along the 1 axis and the y-axis is found using the right-hand 
rule; shown in Figure  4.17 below. 
 
 
 
 
 
 
 
 
 
 
 
The angle of 2  axis rotation where 1 and 3 axes coincide is defined as 2  = 0.  1  is defined to 
be zero when the cross product of 1  into 2  points along the +y direction which places plane of 
1  and 2  axes in the x-z plane. The last angle 3  is attached to the subject and is defined by the 
user.  These angles are used to define how the subject is oriented relative to the fixed laboratory 
frame. Like the C-arm system, the MRTL system is also transformed from the laboratory frame 
to the subject frame using the matrix transformation method [39]. In this transformation 
                                                 
1
 There will be situations where the incident beam may make an angle with respect to the horizontal direction; for 
example, K-edge imaging.  For purposes of clarity, this situation will not be addressed here.  This inclined beam will 
only alter the “projection angle” of the beam though the subject. 
Z or 1 axis
X-axis

Y-axis
2 axis
Figure  4.17 Laboratory based coordinate system for the MRTL system. 
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techniques, a point in the subject frame is represented by ( Subjectr

) and the laboratory frame is 
represented by ( Labr

). When the angles 1 , 2  and 3 are altered the frame of the subject is rotated 
in relation to the fixed laboratory frame. The effect of these three rotations can be calculated by 
finding the effect of each rotation independently. These are combined to find the effect of all 
three rotations as shown: 
   SubjectLab rKr

321 ,,           
Equation 4.7 
 Applying a rotational matrix K, such that the rotations about 1 , 2 and 3  axes are 1 , 
2 and 3 degrees. The total effect of the rotation is expressed as:  
       321321 ,,  HOPK         Equation 4.8 
where:  
 1P  is a rotation about the MRT lift 1  axis by an angle 1  .  
 2O  is a rotation about the 2  axis by an angle 2  . 
 3H  is a rotation about the 3  axis by an angle 3  .  
 
The order of the matrix multiplication starts from the axis which directly rotates the subject 
frame 3  through the intermediate rotation 2  and ending with the rotation axis fixed in the 
laboratory frame 1 . The MRTL positioning has a similar geometry as the four-circle 
diffractometer geometry (Kappa-geometry) use in X-ray crystallography [39, 40]. Rather than 
describe the angle convention used in crystallography the kappa equation is modified to suite this 
purpose. 
 
The Kappa-geometry is defined as: 
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          SampleKKLab rZYZYZr

        Equation 4.9 
The modified version for the MRTL geometry is expresses as: 
          SubjectLab rZYZYZr

321         Equation 4.10 
 
Since the MRTL 2 axis is tilted by   in the laboratory X, Y and Z system (also shown in Figure  
4.17), it is made parallel to the Z-axis, by rotating it about Y-axis by angle ( ), and the 2 -axis 
rotation becomes Z-axis rotation. To replace the 2 -axis back to its original position, then we 
make another rotation about Y-axis by (- ) [40]. Relating the original rotation matrix from 
Equation 4.8 into the form expressed in Equation 4.9 by making the following assignments:  
   
     
     .
,
,
33
22
11



ZYH
ZYO
ZP



        
Equation 4.11 
4.3 Transformation from the C-arm system to MRTL System 
The synchrotron X-ray beam is fixed inside the hutch; therefore, there should be a means of 
aligning the fiducial laser beam formed outside the hutch with the X-ray beam. The object is 
placed on the MRTL positioning system and it is rotated using set of derived angles to align it 
with the X-ray beam as will be shown below. The transformation from the C-arm to the MRTL 
geometry gives two set of matrix equations which are set equal to establish the mathematical 
relationship between the C-arm angles and the MRTL angles. This results in a set of linear 
equations which are easily solved as shown below: 
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To transform C-arm geometry to MRTL geometry, Equation 4.1 and 4.10 are equated [39, 40, 
42]. 
         
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Equation 4.15 
 
This equals to these nine equations: 
)cos(*)sin(*)sin()cos(*)cos()(sin)cos(*)(cos 22
2  dPdOdOdO    Equation 4.16 
 
)cos(*)cos(*)sin()sin(*)cos()sin(*)cos( 2  dPdOdPdO     Equation  4.17 
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)sin(*)sin())cos(1(*)cos(*)sin( 2  dO      Equation 4.18 
 
)cos(*)sin(*)cos()cos(*)sin()sin(*)cos( 2  dPdOdPdO    Equation 4.19 
 
)cos(*)cos(*)cos()sin(*)sin()cos( 2  dPdOdPdO      Equation 4.20 
 
)sin(*)cos()sin(*)sin( 2  dO        Equation 4.21 
 
)sin(*)sin())cos(1(*)cos(*)sin( 2  dP      Equation 4.22 
 
)sin(*)cos()sin(*)sin( 2  dP       Equation 4.23 
 
)cos()(cos)cos(*)sin( 22          Equation 4.24 
 
It follows that      Equation 4.18,      
  Equation 4.21,      Equation 4.22 and   
    Equation 4.23 show that dO and dP are equal, so substituted   for 
both of them, and introducing the half angle for 2  and   such that:  
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Equation 4.25
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Equation 4.26 
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From      Equation 4.25 and       
 Equation 4.26, we derived two sets of equations (normal and alternative) for equations 
4.16 through 4.26 [40, 42] Therefore we have: 
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The alternative solutions are: 
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In the normal equation, one to one relation exists between 2  and  such that   covers the 
range oo 6060    while 2  covers the range 
oo 180180 2   . Thus equation N1 
becomes:  
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Equation  4.27 
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Equation 4.30   
Equations 4.27 through 4.29 are used to derive the angular values that are used in both systems 
for the transformation. The derived values are shown in chapter 5 in Table 5.1. 
Chapter Conclusion 
This chapter started by explaining the Eulerian geometry method use in matrix transformation, it 
explains and shows the mathematical derivatives used to transform the C-arm fiducial system 
from one frame to another, as well as the transformation of the laboratory frame MRTL system 
to the subject frame. The chapter is concluded by showing the transformation from outside the 
hutch to inside the hutch using the kappa geometry method to generate set of equations that are 
used to derive angular values for both systems. 
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5 Simulation Results 
Solidworks CAD program [41] was used for the system design and testing. Figure  4.1 shows the 
complete design of the system while appendix A-D shows the detailed drawing of the system. 
All the possible angles of the fiducial C-arm system and the MRTL system were analyzed using 
the CAD program. The results show the combined equations that produce the transformation 
from outside the hutch to the target on the MRTL system inside the hutch. The system was tested 
by first setting all of its angles to zero (using the initial laser alignment procedure outline in 
appendix A, and focusing it on a flat surface as shown in Figure  5.1Error! Reference source 
not found.. The maximum measured dimension of the projected beam was estimated to be 
about cmcm 3020   , neglecting beam divergence.  
 
After a desired dimension is achieved, a subject (dog) with a targeted region of interest was 
mounted on a flat platform which acts as a positioning table and the beam is projected on the 
target, so as to produce the same rectangular laser beam, as shown in Figure 5.2.  Several angles 
of the fiducial system and the MRTL system which were derived from the transformation 
equations are as shown in Table 5.1. These angles were used to transform from outside the hutch 
to inside the hutch.  
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Figure 5.2 Formation of a rectangular beam on a subject 
 Figure  5.1 Rectangular laser beam formed on a flat surface 
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        1   2   3  
0.00 0.00 0.00 90.00 0 90.00 
30.00 0.00 0.00 30.00 40.21 90.00 
60.00 0.00 0.00 0.00 180.00 0.00 
0.00 30.00 0.00 90.00 0.00 120.00 
0.00 60.00 0.00 90.00 0.00 150.00 
0.00 0.00 30.00 90.00 0.00 90.00 
0.00 0.00 60.00 90.00 0.00 90.00 
Table 5.1 List of possible angular settings for the Fiducial  and the MRTL systems 
 
Fiducial System Values                    MRTL Values 
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5.1 Result Analysis from Table 5.1 
(1) Based on the values from Table 5.1 above, and starting with the first row where the 
values, of the C-arm fiducial systems are ooo and 00,0    and the values of 
the MRTL system are oo 0,90
231
   then figures 5.3 and 5.4 below indicate the 
transformation that takes place and how the beam hits the target at the same position both 
inside and outside the hutch.  
 
 

Figure 5.3 Initial settings of the fiducial system at  =0,  =0, and   =0 
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(2) Another example is row three of the Table 5.1, where values of the fiducial system are  
ooo and 00,60   and values of the MRTL system are   
o180,0 231   .
 
  Figures 5.5 and 5.6 indicate the transformations that happen between the systems. 
 
Initial Height 
Position
X-ray beam
 Figure 5.4 Initial settings of the MRTL system at 3 = 1 =90, 2 =0  
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Beam alignment
Target
Figure 5.5 Setting of the fiducial system at 
ooo and 00,60    outside 
the hutch 
Height at 
maximum 
value of 2
Figure 5.6 Corresponding setting of the MRTL angles (
o180,0 231   ) inside the hutch  
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5.2  Design Limitation 
Design and construction limitations are usually associated with all electromechanical systems. 
Some of the verified limitations of the fiducial system are discussed below: 
(a) Omega axis angle (  ) can only be rotated within the range of oo 6060    this is 
due to the angular limitation of 30 degree of the MRTL angle. If it exceeds this range the 
laser will be out of range and alignment will not be possible. 
(b) The 2  angle of the MRTL system can also cover the range
oo 180180 2    so as to 
keep the object in a safe position. 
(c) Not all calculated values of the angles were able to align both systems (fiducial and MRTL 
system) to the region of interest, but the values used to align the system are as tabulated in 
Table 5.1. 
This system has however not been used for any particular synchrotron imaging method, and has 
not also been tested on small lab animals such as (Lab rats) but it may be used on any size of 
subject, provided its dimension and angles are adjusted to suite the purpose. 
Chapter Conclusion 
In this chapter, the results obtained from the two systems have been demonstrated. The results 
indicate the validity of the mathematical methods, as well as the design approach. It gives the 
demonstrations of some of the values taken from the transformation table and how the systems 
were able to transform from outside the hutch to inside the hutch. It also shown some of the 
design limitation of the two systems. 
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6  Conclusion and future work 
6.1 Conclusion 
In this thesis, the non-invasive and invasive fiducial method use in conventional and synchrotron 
imaging modalities were analyzed.  The main focus was on the fiducial imaging method 
designed for the biomedical imaging and therapy beamlines at the Canadian Light Source. 
 
 In synchrotron imaging, there is no specific system for subject pre-alignment before imaging or 
therapy, and some of the systems use for this purpose, require positioning the subject inside the 
imaging hutch, which makes such systems wasteful of experimental beam time. However, this 
work has been able to demonstrate a method of pre-alignment in subject (e.g., human, animal 
specimen) in a location remote from an imaging light source using a similar kappa geometry 
method to establish the relationship between the C-arm fiducial subject pre-alignment system 
and a MRTL positioning system.  
 
 The fiducial pre-alignment method is made up of a C-arm fiducial pre-alignment system, a 
BMIT kappa style positioning system and a mathematical transformation method, which aid in 
transforming from one system to another. The system has shown the capability of transferring a 
3-dimensional data from outside to inside synchrotron imaging experimental hutch with high 
fidelity, thus preserving valuable beam time. The system will: 
(a) Reduce the time it takes to align subject in the biomedical beamlines. 
(b) Provide a user friendly way of subject alignment that is more natural to medical 
community. 
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(c) Allow mistakes to be corrected before imaging  
6.2 Future Work 
The scope of this thesis is to design and construct a prototype fiducial system. However for 
further research and system implementation, these suggestions should be taken into 
consideration: 
1. Finish the c-arm laser system construction. Outstanding tasks include: 
a. Make second laser system on opposite side. 
b. Motorize the stages. 
c. Develop software / joystick driven system to allow easy manipulation of region of 
interest. 
2. Encode c-arm axes. 
3. Input encoded angles into computer 3-dimensional model of c-arm and Huber. 
4. Establish limits of motion, i.e. alarm when limit of motion of MRTL is reached. 
5. Use a true bidirectional stages instead of stacking two unidirectional stages. 
The present prototype shows the promises of reducing imaging time at most synchrotron facility 
but the system could not be tested on any beamline because the intended beamlines (BMIT 
Beamlines) have not been completed as at the time of this thesis, so there was no further way to 
verify our hypothesis but to rely on the design and mathematical analysis.  
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APPENDIX 
This chapter gives a full detail of the drawings use in the design of the fiducial subject pre-
alignment system as well as some important drawings that pertain to the construction of the C-
arm fiducial system. 
APPENDIX A 
Laser Alignment Procedure 
 
                                                    Laser alignment procedure 
1. Start from point 1 (origin). 
2. Rotate by 180 deg to point 2. 
3. Rotate by 90 deg to point 3. 
4. Draw a mid- line at point 3 to divide point 1 and 2. 
5. Rotate -90 deg back to point 2. 
6. Translate from point 2 to mi-point. 
7. Then do the final rotation at the mid-point. 
8. This aligns the system, and it stays on the axis. 
9. Align the laser point with the center of the axis on the other side of the system. 
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APPENDIX B  
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APPENDIX C  
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APPENDIX D – COMPLETE C-ARM FIDUCIAL SYSTEM AND PARTS 
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APPENDIX E – CROSS SLIDE BASE 
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APPENDIX F – COMPLETE MRTL SYSTEM AND PARTS 
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APPENDIX G – MIRROR MOUNT 
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APPENDIX H – C-ARM BASE 
 
 
 
 
 
 
 
 
 
 
 
